and Fuchsia produce hexose-dominated nectar in the Old 4.2 g each of sucrose, glucose, and fructose plus 2.5 g of Com- plan (Boots Pharmaceuticals, Isando, South Africa) per 100 World, led to a prediction that nectarivorous passerines in the Old World, like those in America, might prefer hexoses to mL of water. Complan is made from instant skim milk powder, corn syrup solids, vegetable oil, sucrose, lecithin, vitamins, and sucrose (MartıB nez del Rio et al. 1992 ). However, recent findings necessitate revision of this comparison. Specialized passerine minerals, and its composition per 100 g is as follows (values calculated per wet weight): energy content, 1,818 kJ; protein, nectarivores from southern Africa, such as lesser double-collared sunbirds, Nectarinia chalybea, and Cape sugarbirds, Pro-20 g; fat, 13.8 g; carbohydrates, 56.7 g; vitamin A, 2,682 IU; vitamin B6, 1.5 mg; vitamin B12, 4.5 mg; vitamin C, 72.4 mg; merops cafer, are not averse to sucrose (Lotz and Nicolson 1996; Jackson et al. 1998) , and the nectars of many of these vitamin D, 150.9 IU; vitamin E, 8.6 IU; thiamine, 1.44 mg; riboflavin, 1.76 mg; Ca, 720 mg; Fe, 7.09 mg; biotin, 49.1 IU; birds' food plants (e.g., Erica spp.; Barnes et al. 1995) are sucrose-dominant.
folic acid, 192 mg; pantothenic acid, 4.7 mg; niacin, 10.9 mg; P, 587.3 mg; I, 185.5 mg; Mg, 75.8 mg; Cu, 0.7 mg; Z, 7.1 mg; The pentose sugar xylose was recently discovered in the nectar of Protea and Faurea species of the Proteaceae, a major Mn, 0.9 mg; Na, 292.9 mg; and choline, 80.4 mg. The sugar concentration of this solution is thus 10.95%. Unless otherwise ornithophilous family in southern Africa and Australia. Xylose comprises up to 39% of total nectar sugar in some species of stated, all references to relative solute masses and to solution concentrations (%) are on a weight : weight basis (weight these two genera (van Wyk and Nicolson 1995) but is rejected by both N. chalybea and P. cafer in choice tests (Lotz and solute : total weight solution) . The solution was presented to the birds ad lib. in plastic feeders and was changed twice daily. Nicolson 1996; Jackson et al. 1998) . This is surprising, because P. cafer has coevolved with the Proteaceae and is one of only At the end of the experiments, the birds were banded and released at the site of capture. Additional housing details are two avian nectarivores endemic to the Cape Floristic Kingdom of southern Africa (fynbos).
given in Jackson et al. (1998) . On the basis of the above recently acquired information about their sugar preferences and the nectar composition of Experimental Procedure their food plants, we predicted that Cape sugarbirds would not show the poor sucrose AEs suggested by MartıB nez del Rio et During tests for AE* (feeding experiments), we measured the volumes of food intake and of cloacal fluid production. To al. (1992) for passerine nectarivores. We tested our prediction by comparing AE*s of sucrose, glucose, and fructose in this permit measurement of exact excreta volumes, we confined birds to cylindrical cages (diameter 36 cm, height 50 cm). species. We included xylose as a fourth sugar in our comparisons, because of its presence in Protea nectar.
While in these cages, birds fed ad lib. from glass feeders made from 25-mL pipettes that permitted measurement of volumes The secondary aim of our study was a methodological comparison. Published studies of sugar AE*s in nectarivores have remaining and, hence, estimation of volumes of liquid consumed to the nearest 0.05 mL. The bottom ends of the pipettes employed different methods of measurement of excreted sugars. We therefore compared two commonly used refractometry were expanded to form glass bulbs 2.5 cm in diameter, with circular holes of diameter 4 -5 mm. These drinking apertures methods of estimating sugar AE*s with a third technique, concurrent measurements of cloacal fluid sugars with HPLC.
were surrounded by a 3-mm-wide ring of red nail varnish to enhance their visibility. The protocol was as follows. Between 1700 and 1800 hours, we transferred individual birds from the holding cages to the Material and Methods cylindrical cages, weighing the birds in the process. At this Bird Capture and Maintenance time, we switched foods from the maintenance diet to a 20% sugar solution. Between 1320 and 1350 hours the following Ten adult female Cape sugarbirds were caught during their nonbreeding season (March -April 1995 and October 1995) in day, we noted the level of liquid in the feeders, replaced these with fresh feeders containing a measured volume of the same mist nets and were housed separately in holding cages measuring 70 1 80 1 40 cm and covered with plastic-coated screen sugar solution, and slipped a plastic tray containing a 1.5-cm layer of liquid paraffin under each cage. Both collection of mesh (size, 2 mm). Only females were used because the long tails of male sugarbirds would hamper their movements in the cloacal fluid and measurements of food consumption commenced and ended simultaneously; after exactly 4 h, we termicages, and there is no a priori evidence supporting a sexlinked difference in diet or sugar AE*s. Birds were acclimated nated the experiments by removing feeders and paraffin trays, weighing the birds, and transferring them back to their holding to captivity for 4 -6 wk while housed outdoors. Two weeks before the feeding trials (see below), birds were moved to a cages. This technique assumed equilibrium between drinking and defecation rates; we measured drinking rates and found laboratory partially lit by natural light.
The maintenance diet (Jackson et al. 1998 ) was made up of that Cape sugarbirds drink at a constant hourly rate between 9g11$$ja08 12-23-97 08:14:56 pzas UC: PHYS ZOO tested fresh cloacal fluid samples for bacterial contamination ter referred to as a feeding experiment, whereas the entire 24-h period when the birds were confined to cylindrical cages is as follows. We fed a single bird a pure 20% glucose solution for the same period (18 h) that preceded the AE* feeding referred to as a feeding trial. One to two full days separated feeding trials for each bird, during which time it was fed the experiment (see above), after which time we collected a sample of cloacal fluid as soon as it was voided on a clean plastic sheet maintenance diet containing a mixture of sucrose, fructose, and glucose. The order of presentation of sugars to individual placed under the holding cage. Five 250-mL aliquots of this sample were spiked with 20 mL of a 1 mol/L glucose solution birds within the feeding trials was randomized. For all sugar types, the same 10 individual birds were used, except for xylose, and were incubated at room temperature for 0, 2, 4, 6, and 8 h before measurement of glucose content by the glucose oxidase for which a subset of five of these 10 was used.
We used 20% aqueous solutions of sucrose, glucose, and method with a Beckman Glucose Analyzer 2 (Model 6517). Two separate 250-mL aliquots were kept without glucose addifructose, and a glucose : fructose (1 : 1) mixture. We wished to investigate whether ingestion of the hexose combination, tion; one was analyzed immediately, and the other was incubated for 8 h before analysis. We presumed that bacterial action which contains sugars carried on two separate transporter systems (Sigrist-Nelson and Hopper 1974; MartıB nez del Rio would cause a drop in the glucose content of the cloacal fluid from initial spiked levels, which would result in artificially 1990b), resulted in more efficient absorption of one or both sugars. The fifth solution used was a 20% xylose : glucose elevated estimates of AE*. mixture in a ratio (27 : 73) approximating that of Faurea rochetiana (formerly Faurea speciosa) nectar, because this plant Calculations exhibits the highest naturally occurring levels of xylose yet reported (van Wyk and Nicolson 1995; B.-E. van Wyk and S. We used three methods to estimate AE*, expressed as a percentage of sugar ingested. We did not quantify absorption of sugars Nicolson, unpublished data). Pure xylose has harmful effects on Cape sugarbirds (Jackson et al. 1998 ) and so was not used. from the gut directly but rather measured the fraction of ingested sugars that was excreted in the combined feces and urine (cloacal fluid). This fraction was expressed as a percentage of Cloacal Fluid Sugar Analyses sugar excreted for methods 1 and 2, and as milligrams of sugar excreted for method 3 (below). Because in estimating All cloacal fluid voided by each bird was aspirated from under the liquid paraffin, its volume was measured with 10-mL mea-this fraction we did not distinguish between endogenous sugars, lost in sloughed-off mucosal cells and in kidney filtrate, suring cylinders accurate to the nearest 0.1 mL, and the entire sample was then shaken thoroughly. Two subsamples of ap-and ingested sugars that passed through the gut unabsorbed, the values that we report overestimate either the percentage proximately 1.5 mL each were centrifuged at 11,000 rpm for 2 min to separate particulate fecal matter. Aliquots of exactly or absolute amount of sugar in the cloacal fluid and thus underestimate ''true'' AEs. They are therefore given as AE*s. 1 mL of the supernatant were taken with a Gilson micropipette. These samples were frozen for subsequent sugar analysis by ''Total sugar'' refers to methods in which the sugars in cloacal fluid were not quantified separately, whereas ''specific sugar'' HPLC (see below). A droplet of the remaining supernatant was used for measurement of sugar as sucrose equivalents with indicates that we distinguished between different sugars. a hand-held refractometer (Bellingham & Stanley Ltd.) .
For each feeding experiment, HPLC analysis was carried out Method 1 (Total Sugar) . This method of calculation of AE* has been used in the literature on nectarivores (Hainsworth 1974; on two 1-mL subsamples of cloacal fluid applied in successive 25-mL aliquots to filter paper. The samples were air-dried dur- Lotz and Nicolson 1996) , and although it is inaccurate because it assumes equal volumes of water ingested and excreted (see ing and after each application and were stored at 018ЊC before analysis. Cloacal fluid was recovered from the filter paper by Discussion), we wished to compare it with more precise methods. We did not base any conclusions on relative AE*s of rinsing with distilled water until no more sugar was detectable. Sugars were analyzed by isocratic HPLC operating at 2.5 mL/ different sugars from estimates calculated with this method, which was included purely for validation purposes. We calcumin with a Waters Sugarpack column, acetonitrile-water (87 : 13) as eluent, and detection by refractive index. External lated AE* for this method as standards were 8 mg/mL of the four sugars. Cloacal fluid concentrations were calculated in milligrams per milliliter by AE* Å 100 1 (% sugar in 0 % sugar out )/% sugar in , means of peak area.
We were concerned that bacterial action might alter the where % sugar in and % sugar out are the percentages of sugar in the food and in the cloacal fluid, respectively, as measured sugar composition of cloacal fluid during the 4-h feeding trials and during the time required for complete application and by means of refractometry.
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12-23-97 08:14:56 pzas UC: PHYS ZOO Method 2 (Total Sugar). For this method, we calculated AE* described above. Blood was drawn by puncturing the brachial vein with a 24-gauge syringe needle after sterilization of the as skin with 70% ethanol. We then held the tip of a heparinized 70-mL hematocrit tube to the resulting droplet that formed on AE* Å 100 1 [(% sugar in 1 vol in )0 (% sugar out 1 vol out )]/ the skin. Bleeding stopped within 2 min, and birds showed no (% sugar in 1 vol in ), ill effects. Blood and cloacal fluid were centrifuged at 11,000 rpm, and the xylose content of plasma and supernatant was where the percentages of sugar were measured as above, but measured by means of a colorimetric assay developed by the where % sugar in and % sugar out were multiplied by the volumes Chemical Pathology Laboratory at Groote Schuur Hospital. (mL) of food drunk (vol in ) and of cloacal fluid excreted (vol out ), The assay involves incubation of 10-mL aliquots of fluid with respectively.
1 mL of color reagent, containing 1 g phloroglucinol in 200 mL glacial acetic acid and 20 mL concentrated HCl for 4 min at Method 3 (Specific Sugar). For this method, we calculated AE* 100ЊC, followed by reading at 554 nm on a spectrophotometer. as AE* Å 100 1 (mg sugar in 0 mg sugar out )/mg sugar in , Results
Absence of Bacterial Depletion of Glucose in Cloacal Fluid
where mg sugar in is the concentration (mg/mL) of sugar in food multiplied by the volume of food ingested (mL) and mg The concentrations (mmol/L) of glucose in the cloacal fluid sugar out is the sugar concentration (mg/mL) of cloacal fluid samples incubated after addition of 20 mL of 1 mol/L glucose measured by means of HPLC, multiplied by cloacal fluid vol-per 2 mL cloacal fluid were as follows: without glucose, 0; ume (mL). The food solution was of known concentration spiked and incubated for 0 h, 11.8; for 2 h, 12.2; for 4 h, 12.2; (20% w : w). Because we measured volumes of sugar solution for 6 h, 12.0; and for 8 h, 17.3. Glucose is the sugar that is drunk, we calculated the concentration of each food solution most easily assimilated and metabolized by bacteria; hence, as the product of the relative density of that sugar at 20ЊC we considered the constant concentration an indication that (mg/mL) times 0.2. Relative densities for 20% solutions of bacterial action was not affecting the concentrations of any of sucrose and fructose were taken from Wolf (1966), and we the sugars in cloacal fluid samples before HPLC analysis. assumed that glucose and xylose solutions had the same relative density as did glucose.
Sugar AE*s To assess differences in AE* values between sugars within measurement methods and between the three measurement Comparison between Sugars. Mean AE*s for sucrose, glucose, methods within sugars, we used repeated measures ANOVAs fructose, and the glucose : fructose mixture were extremely on arcsine-transformed AE*s, followed by post hoc Tukey-high (Table 1) . Xylose was apparently absorbed with signifiKramer multiple comparisons to pinpoint the differences be-cantly lower efficiency than were the other sugars, as is shown tween pairs of values.
by repeated-measures ANOVAs on arcsine-transformed AE* values with method 2 (F 19 Å 167.67, P õ 0.0001) and method 3 (F 29 Å 279.8, P õ 0.0001). In this between-sugar comparison,
Cloacal Fluid Osmolalities and Blood Xylose Analyses
we only used data for the five sugarbirds for which we had AE*s for xylose as well as for the other three sugar types, After five birds in their holding cages had fed ad lib. on 20% sucrose for 2 h, we placed clean plastic sheets under their cages because repeated-measures ANOVA demands matched samples. For method 2, post hoc Tukey-Kramer Multiple Comparito collect droplets of cloacal fluid. The birds were continuously observed, and cloacal fluid was collected as soon as it was sons yielded the following q-values for each pair of AE*s: glucose and xylose, q Å 25.89; fructose and xylose, q Å 26.03; voided. The fluid was centrifuged at 11,000 rpm for 2 min, and the osmolality of the supernatant was measured with a sucrose and xylose, q Å 25.77 (P õ 0.001 for all cases). For this method we did not calculate AE*s of glucose and fructose Wescor 5500 vapor pressure osmometer. The osmolalities of cloacal fluid samples from four birds that had been fed a xy-in the glucose : fructose mixture, because refractometry does not distinguish between sugar types in cloacal fluid. For lose : glucose (27 : 73) mixture during the AE experiments were measured in the same way. Osmolalities of 20% sucrose method 3, q-values for each pair of AE*s were as follows:
glucose and xylose, q Å 41.25; fructose and xylose, q Å 40.10; and the xylose : glucose mixture were also measured. To investigate whether xylose was absorbed across the gut wall, we glucose (in glucose : fructose mixture) and xylose, q Å 42.45; fructose (in glucose : fructose mixture) and xylose, q Å 40.27; sampled blood and cloacal fluid from three birds 2 h after they had started feeding on the 20% xylose : glucose mixture and sucrose and xylose, q Å 40.52 (P õ 0.001 for all cases).
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12-23-97 08:14:56 pzas UC: PHYS ZOO The above analysis shows that among AE*s estimated with xylose (glucose: comparison of methods 1 and 3, q Å 13.02, P õ 0.001; comparison of methods 2 and 3, q Å 10.94, P method 3, which measures specific sugars in the cloacal fluid, values for fructose and glucose when fed as a mixture were õ 0.001; fructose: comparison of methods 1 and 3, q Å 6.33, P õ 0.001; comparison of methods 2 and 3, q Å 4.93, P statistically indistinguishable from AE*s for these sugars fed as pure solutions.
õ 0.001; sucrose: comparison of methods 1 and 3, q Å 6.02, P õ 0.01; comparison of methods 2 and 3, q Å 4.68, P õ 0.05; Birds consistently lost body mass during the feeding trials (mean mass lost among birds fed glucose, fructose, the glucose : xylose: comparison of methods 1 and 2, q Å 7.10, P õ 0.01; comparison of methods 1 and 3, q Å 15.57, P õ 0.001; comparfructose mixture, and sucrose was 0.7 { 0.2 g, 0.35 { 0.6 g, 0.35 { 0.35 g, and 0.6 { 0.19 g, respectively). This was probably ison of methods 2 and 3, q Å 8.47, P õ 0.001).
We regressed values for cloacal fluid sugars (mg/mL) meabecause of the stress of being moved between cages. Birds fed the xylose : glucose mixture lost a slightly higher fraction of sured by refractometry (y-value) against corresponding values for each bird measured with HPLC (x-value) and found the their body mass (1.2 { 0.12 g), but this difference was not statistically significant (Friedman nonparametric repeated-relationship to be linear and highly significant, with a slope of 1.25 { 0.04 and a y-intercept of 2.44 { 0.53 (r 2 Å 0.97, P measures test, Fr 5 Å 6.773 corrected for ties, P ú 0.1). For this comparison, we used only the five birds for which we had õ 0.0001). Refractometry thus overestimates cloacal fluid sugars by an average of 2.44 mg/mL, which partly accounts for data for all five sugar solutions. The same five birds drank slightly but not significantly lower volumes of the xylose solu-the underestimates of AE* calculated with methods 1 and 2. tion during the feeding experiments (Fr 5 Å 7.2, P ú 0.1). The data used for this comparison were a subset of those used to Cloacal Fluid Osmolalities and Blood Xylose Analyses calculate the means and SEs presented in Table 2 , because we excluded the five birds that were not fed xylose to facilitate Birds fed a 20% pure sucrose solution (765 mOsmol/kg H 2 O) excreted cloacal fluid with a mean osmolality of 72 { 8.1 the use of the repeated-measures test. mOsmol/kg (n Å 6). Birds fed a 20% xylose : glucose solution (total osmolality Å 1,452 mOsmol, of which approximately Comparison between Methods. Four separate repeated-measures ANOVAs on arcsine-transformed AE*s calculated with the 450 mOsmol/kg was xylose and 1,000 mOsmol/kg was glucose) excreted cloacal fluid with a mean osmolality of 324 { 19.7 three different methods showed overall significant differences between methods for each sugar (glucose: n Å 10, F 29 Å 3.066, mOsmol/kg and total sugar content of 4.8% { 0.2% sucrose equivalents (n Å 4). This sugar was presumably almost all P õ 0.05; fructose: n Å 10, F 29 Å 11.05, P õ 0.001; sucrose: n Å 10, F 29 Å 9.99, P õ 0.005; and xylose: n Å 5, F 14 Å 15.63, xylose, because we measured the osmolality of pure 4.8% (w : w) xylose and found it to be 335 mOsm/kg. This corrobo-P õ 0.001). Each ANOVA was followed by post hoc TukeyKramer comparisons, which showed that within each sugar rates the high glucose AE*s reported above. The colorimetric assay revealed that xylose concentrations in the blood and type, AE*s calculated with methods 1 and 2 were significantly lower than those calculated with method 3; methods 1 and 2 cloacal fluid were 12.5 { 2.2 and 228.7 { 36 mmol, respectively (n Å 3), 2 h after the start of xylose ingestion. only differed significantly from one another in the case of 9g11$$ja08 12-23-97 08:14:56 pzas UC: PHYS ZOO Note. Values are shown as means, followed by standard errors in parentheses. n Å 10 for all sugars except xylose, for which n Å 5. In mixed solutions, values for sugar out refer to the sugar of interest (glucose, fructose, or xylose), not to total sugar. Total sugar out refers to the sum of all sugars present in the cloacal fluid.
a Measured with HPLC.
Discussion
Method 1 (see, e.g., Hainsworth 1974; Lotz and Nicolson 1996) compared refractometer readings for food and cloacal Although the major focus of our study was a comparison of fluid and assumed equal volumes of these fluids. This is an AE*s for different sugars in relation to food plant nectar com-invalid assumption, because water is absorbed from the gut position, the results of our methodological validation dictate and either secreted via the kidneys or lost through respirawhich data we used for this comparison. Therefore, we shall tion. Relatively high concentrations of sugars in cloacal fluid discuss methodological issues first, followed by the differences enhance the error caused by the difference between volumes in AE*s between sugars.
of ingesta and excreta; therefore, AE*s estimated with method 1 approached accuracy only when true AE was high. This is illustrated by the significant differences between xylose AE*s Comparison of Methods of Measuring AE* that we obtained with the three methods. When AE*s are The AE*s that we report are estimates of the amount of sugar low, as are those reported for sucrose in some frugivorous retained by the birds, uncorrected for endogenous sugar losses passerines and for xylose in the present study, the artifactual via the gut and the kidneys. Table 3 shows that our values nature of AE* estimates made with method 1 invalidates agree closely with true AEs for glucose in rainbow lorikeets, comparisons between sugars. We do not recommend use of Trichoglossus haematodus (Karasov and Cork 1996) , and for this method. glucose, fructose, and sucrose in three species of hummingbirds Method 2, involving measurement of ingested and excreted (Karasov et al. 1986 ; MartıB nez del Rio 1990b). These AEs were volumes (see, e.g., Collins and Morellini 1979; Collins et al. measured in vivo with the double-isotope technique, which 1980), yielded significantly higher AE* values for xylose than involves feeding a radio-labeled sugar of interest in conjunction did method 1 but was effectively indistinguishable from with a nonabsorbable marker such as PEG-4000 that has been method 1 for the more efficiently absorbed sugars. Method 2 marked with a different isotope. Because this method measures was inaccurate because it does not partition cloacal fluid sugars, recovery of marked sugars, the double-isotope technique an error that will again be compounded when cloacal fluid avoids the bias introduced by excretion of endogenous sugars sugar concentrations are high (i.e., when AE*s are low). (Karasov et al. 1986 ; MartıB nez del Rio 1990b). The high degree Method 3, in which ingested and excreted volumes were of agreement between true AEs measured with this technique measured and the concentrations of each sugar in cloacal fluid and the AE*s for glucose, fructose, and sucrose that we ob-were determined with HPLC, gave the most accurate results, tained with method 3 suggests that the use of isotopes would and we recommend its use. There are two advantages to the use of HPLC. Unlike refractive index measurements (Inouye not have altered our conclusions.
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